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Human ﬁbroblastsMetallic nanoparticles such as silver (Ag), cerium dioxide (CeO2) and titanium dioxide (TiO2) are pro-
duced at a large scale and included in many consumer products. It is well known that most metallic
NPs are toxic to humans which raise concerns about these engineered particles. Various studies have
already been published on the subject, however, almost all of these studies have been conducted in can-
cer or transformed cell lines. In this work we performed a comparative evaluation of these metallic NPs
on normal untransformed human ﬁbroblasts (GM07492) detecting cyto- and geno-toxic responses after
exposure to these NPs. Our results showed that all three metallic NPs were able to cross the plasma mem-
brane and were mainly found in endocytic vesicles. The Ag and TiO2 NPs affected mitochondrial enzy-
matic activity (XTT), increased DNA fragmentation, oxidative damage (Comet assay) and induced cell
death mainly by the apoptotic pathway. Ag NPs increased GADD45a transcript levels and the phosphory-
lation of proteins cH2AX. Transient genotoxicity was also observed from exposure to CeO2 NPs while TiO2
NPs showed no increase in DNA damage at sub-cytotoxic concentrations. In comparison, Ag NPs were
found to be the most cyto-genotoxic NPs to ﬁbroblasts. Thus, these results support the use of normal
ﬁbroblast as a more informative tool to detect the mechanisms of action induced by metallic NPs.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
Nanotoxicology has rapidly developed into a new and
well-established ﬁeld of research. Insertion of nanoparticles (NPs)
in diverse consumer products has raised various concerns in the
ﬁeld of toxicology (Colman et al., 2014; Filho et al., 2014; Franchi
et al., 2012; Losert et al., 2014). Nowadays, at least 1630
nanotechnology-based consumer products are circulating in the
global market as listed by PEN (The Project on Emerging
Nanotechnologies) (http://www.nanotechproject.org/). Most
nanotechnology-based consumer goods are found in cosmetics,
clothing, personal care products, sporting goods, sunscreens, and
ﬁltration systems. The ﬁeld of nanotechnology holds great promise
for future biomedical developments, with a great potential astherapeutic, diagnostic or theranostic entities, enabling multiple
therapeutic approaches and multimodal imaging using a single
nanomaterial (Svenson, 2013; Terreno et al., 2012). At the nanos-
cale, materials display altered physical and chemical properties,
which underlie their high potential for many applications. Yet,
these same properties increase the prospects of human exposure
to these nanomaterials (NMs) resulting in toxic effects in ways that
are currently not fully understood (Martinez et al., 2014; Singh
et al., 2009).
The growing concern on the toxic impact of nanotechnology has
led to signiﬁcant efforts being put in studying the cytotoxicity and
genotoxicity of NPs. The in vitro evaluation of NP toxicity is how-
ever not standardized and various NPs are tested on a broad variety
of cell lines, commonly cancer cell lines such as A549 cells
(Ahamed, 2011; Hsiao and Huang, 2011; Jugan et al., 2012;
Lankoff et al., 2012; Lee et al., 2011; Valodkar et al., 2011). The
use of cells such as A549 for nanotoxicological research stems from
several reasons, ﬁrstly their tissue of origin (they are derived from
human lung epithelium) and their fast proliferation coupled with
easy culturing methods (Foster et al., 1998). However, A549 cells
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mutated in the K-ras gene (http://www.atcc.org/products/all/CCL-
185.aspx#characteristics). Obviously, for evaluating NPs in cancer
research, the use of cancer cell lines can provide vital information.
However, their use in nanotoxicological research, especially with
the aim of predictive toxicology for human exposure scenarios
remains questionable as multiple molecular pathways are poten-
tially deregulated (including DNA repair pathways) (Hosoya and
Miyagawa, 2014; Vinoth et al., 2008). For example, skin ﬁbroblasts
(BJ cells) exposed to zinc oxide nanoparticles (Zn) showed cellular
responses that were dependent on the p53 status (Ng et al., 2011).
It was observed that the loss of p53 function resulted in less cell
death caused by DNA damage. Thus, cells lacking p53 or other
tumor suppressor genes may be resistant to NP-induced cell death,
due to which these cells may accumulate DNA damage which
would inﬂuence any genotoxicity results. Even though some stud-
ies are available where non-cancerous cell lines are used, these
often represent cell lines that have been transformed to facilitate
their long-term cultivation in vitro. Studies on the cyto- and
geno-toxic effects of metallic NPs on normal, untransformed,
human cells with a stable diploid karyotype are scarce. There is
therefore an imperative need for studying and characterizing NP
mechanism of action on cells obtained from healthy tissues that
have not undergone genetic modiﬁcations.
The OECD (The Organisation for Economic Co-operation and
Development) has focused on 13 manufactured NMs with com-
mercial relevance as a reference for safety, risk, and toxicology
studies. In this context, three of the NPs listed in their report; silver
(Ag), cerium dioxide (CeO2) and titanium dioxide (TiO2) NPs were
comparatively evaluated in this work in order to investigate their
cyto- and geno-toxicity in a physiologically more relevant model,
that is, the untransformed normal human ﬁbroblast cell.2. Materials and methods
2.1. Nanoparticles
Silver (CAS No. 7440-22-4; # 576832; 100 nm) NPs stabilized
with polymeric (polyvinylpyrrolidone [PVP]) coating, cerium diox-
ide (CAS No. 1306-38-3; # 643009; 25 nm) NPs had no speciﬁc
coating and titanium dioxide (CAS No. 1317-70-0; # 700347;
21 nm) NPs with no speciﬁc coating were all purchased from
Sigma–Aldrich (Sigma–Aldrich, St. Louis, MO, USA).2.2. Nanoparticle suspension: preparation and characterization
All NPs were suspended in complete cell culture medium sup-
plemented with 10% foetal bovine serum (FBS) (Cultilab, São
Paulo, Brazil) at a ﬁnal concentration of 100 lg/mL and sonicated
by an ultrasound bath (UNIQUE, São Paulo, Brazil) operating at a
frequency of 40 kHz, for 15 min. The dispersions were made imme-
diately prior to culture treatments. The average hydrodynamic
diameter and the zeta potential of the NPs in culture medium were
determined immediately after sonication and following 24 h, by
Dynamic Light Scattering (DLS) using a Malvern Zetasizer (supple-
mentary material) Nano-ZS equipped with 4.0 mW, 633 nm laser
(Model ZEN 3600, Malvern Instruments Ltd., Worcestershire, UK).
Elemental analyses were obtained by energy dispersive X-ray spec-
trometry (EDX) in an IXRF Systems 500 digital processing spec-
trometer (IXRF Systems; Houston, TX, USA) coupled to a Zeiss
EVO 50 scanning electron microscope (SEM – Carl Zeiss;
Cambridge, UK) (supplementary material).2.3. Human ﬁbroblast cell culture and treatment with nanoparticles
The human ﬁbroblast cells (GM07492) were purchased from
the Coriell Cell Repositories (Coriell Institute for Medical
Research, Camden, NJ, USA). GM07492 cells were cultured in
Ham-F10 + D-MEM 1:1 (Sigma–Aldrich, St. Louis, MO, USA) med-
ium supplemented with 10% FBS, 0.06 g/L penicillin and 0.1 g/L
streptomycin (Sigma–Aldrich, St. Louis, MO, USA), in 25 cm2--
culture ﬂasks at 37 C and 5% CO2. The cells were used between
the 3rd and 8th passage and they were tested and found to be
mycoplasma free via the Hoechst DNA test (Sigma–Aldrich, St.
Louis, MO, USA). Cells were exposed to NPs at 0.1; 1; 10 and
100 lg/mL for a period of 24 h. After treatment cells were washed
twice with sterile phosphate buffered saline (PBS) solution and col-
lected for analysis at different recovery times (0, 24, 48 and 72 h)
from fresh complete culture media, depending on the assay per-
formed. Complete medium was used as negative control in all
cases, whereas the positive controls used in these experiments
were: doxorubicin (DXR, 90 nM – 24 h, Doxolen, Eurofarma Lab
Ltda, São Paulo, Brazil), etoposide (ETO, 40 lM – 24 h, Vepesid,
Bristol-Myers Squibb Farmacêutica S.A., São Paulo, Brazil), methyl
methanesulfonate (MMS, 200 lM – 2 h, Sigma–Aldrich, St. Louis,
MO, USA), and bromide potassium (KBrO3: 2 h – 10 mM, (Sigma–
Aldrich, St. Louis, MO, USA). Three independent experiments were
performed for the parameters evaluated.
2.4. Cell–nanoparticle interaction and cellular uptake
Firstly, ﬁbroblast cells (2  104) exposed for 24 h to Ag, CeO2
and TiO2 NPs (100 lg/mL) were collected and ﬁxed onto coverslips
using 3% glutaraldehyde (Sigma–Aldrich, St. Louis, MO, USA), post
ﬁxed with 1% Osmium tetroxide,(OsO4, Sigma–Aldrich, St. Louis,
MO, USA) dehydrated in ethanol, gold metallized and then
detected using EDX/SEM. These experiments were conducted to
detect the diffusion of metallic NPs on ﬁbroblasts. The potential
of the NPs to enter the cells was evaluated by transmission elec-
tron microscope (TEM). Cells were seeded at 2.5  105 cells/well
in a six well plate and treated with 100 lg/mL of each NPs for
24 h. Cells were then ﬁxed in 2% glutaraldehyde (Sigma–Aldrich,
St. Louis, MO, USA). The samples were post-ﬁxed in 1% OsO4 before
transferring for epoxy embedding following slicing with a Leica EM
UC7 ultramicrotome (Leica Microsystems, Wetzlar, Germany). The
ultrathin sections were counterstained with uranyl acetate and
lead citrate, and then observed with a Jeol JEM – 100 CXII TEM
(JEOL Ltd., Tokyo, Japan) equipped with an ORCA-HR Hamamatsu
digital camera (Hamamatsu Photonics K.K., Hamamatsu, Japan).
Cellular uptake was further conﬁrmed by ﬂow cytometry using a
Guava Flow Cytometer (Guava EasyCyte Mini – Guava
Technologies, Hayward, CA, USA), following the protocol described
by Zucker et al. (2010) and quantiﬁcation was performed according
to results of the side scattering light (SSC) changes. These data
were acquired in the same experiments evaluating cell cycle kinet-
ics as described in Section 2.6.
2.5. Mitochondrial enzyme activity
The generation of formazan by metabolically active cells was
measured as an indicator of cell viability using the Cell
Proliferation Kit II (Roche Applied Science, Mannhein, Germany)
according to Saska et al. (2012). Fibroblast cells were seeded at a
concentration of 2  104 cells/well into 12 well plates and exposed
to the different NPs at 0.1; 1; 10 and 100 lg/mL concentrations for
24 h. Following the exposure period cells were washed twice with
PBS and fresh medium was added for 24 h. Then the medium was
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lowed by 60 lL of XTT/electron solution (50:1), after which the
cells remained in culture for 60 min. The supernatant was then
transferred to a cuvette and colorimetric reading was performed
in a spectrophotometer (Ultrospec™ 2100 pro UV/Visible
Spectrophotometer, GE Healthcare, Amersham, UK). The results
of the absorbance measured at 492 and 690 nm were directly pro-
portional to the number of viable cells in each treatment. The 50%
inhibitory concentration (IC50) was calculated from the dose–re-
sponse curve obtained with this assay. Three independent experi-
ments were performed where every condition was run in
duplicate.
2.6. Cell cycle analysis
Cells were seeded at 2  104 cells/well in 12-well plates. Next
day cells were exposed to all three NPs at 10 and 100 lg/mL con-
centrations for 24 h, since dose–effects were detected between
these concentrations as revealed by XTT assay. Following exposure
cells were washed twice with PBS and re-incubated in fresh media
for 24 h, 48 h and 72 h. Following each time point cell supernatant
and cells detached with trypsin were centrifuged for 5 min (106
RCF; 4 C). Cells were then ﬁxed with ice-cold 70% (v/v) ethanol
at 4 C overnight. In order to examine the cell distribution along
the different phases of the cell cycle (including DNA fragmentation
detected as subG1 phase) the relative cellular DNA content was
quantiﬁed by ﬂow cytometry. Cells were re-suspended in PBS con-
taining 30 lM propidium iodide (PI), 0.2% Nonidet P40 and
10 lg/mL RNase A (all from Sigma–Aldrich, St. Louis, MO, USA),
and incubated in the dark for 30 min at room temperature (RT).
Next, ﬂuorescence was assessed using a Guava Flow Cytometer
(Guava EasyCyte Mini – Guava Technologies, Hayward, CA, USA).
A total of 5000 events were acquired per condition and cell cycle
histograms were evaluated using the Guava CytoSoft 4.2.1
Software Environment – module Guava Express Pro (Guava
Technologies, Hayward, CA, USA). Three independent experiments
were performed where every condition was run in duplicate.
2.7. ViaCount assay
ViaCount assay was used to evaluate the dead cell population of
ﬁbroblasts exposed to all three NPs. The ViaCount assay distin-
guishes viable and non-viable cells based on differential perme-
ability of two DNA-binding dyes in the Guava ViaCount Reagent
(Merck-Millipore, Billerica, MA, USA). Fibroblast cells were seeded
at 2  104 cells/well in 12-well plates. Cells were exposed to all
three NPs at 10 and 100 lg/mL concentrations for 24 h. After expo-
sure, the cultures were washed twice with PBS and supplemented
with fresh medium. The cells were then allowed to incubate for
24 h, 48 h and 72 h. Following each time point cell supernatant
and cells detached with trypsin were centrifuged for 5 min (106
RCF; 4 C) and re-suspended in 20 lL of complete culture medium
plus 180 lL Guava ViaCount reagent and incubated for 5 min at RT
in the dark. The concentration of cells (cell number) was also
recorded during these measurements. Sample acquisition (5000
events) and data analysis were performed using the Guava
CytoSoft 4.2.1 Software Environment – module ViaCount (Guava
Technologies, Hayward, CA, USA). Three independent experiments
were performed where every condition was run in duplicate.
2.8. Cell death detection
The Guava Nexin Reagent (Merck-Millipore, Billerica, MA,
USA) which consists of annexin V-PE and 7-AAD was used to differ-
entiate cell death from necrotic and apoptotic events induced by
exposure to the NPs. Cells were seeded and treated as describedabove. After washing cells twice with PBS, they were incubated
in fresh culture media in a humidiﬁed incubator at 37 C for
24 h, 48 h and 72 h to detect cytotoxic effects conﬁrming cell death
induction after treatment with NPs. Finally, cell supernatant and
trypsinized cells were collected (106 RCF; 4 C) and re-suspended
in 100 lL complete culture medium and mixed in 100 lL of
Guava Nexin reagent. The cell mixture was incubated for 20 min
at RT in the dark followed by acquisition on the Guava ﬂow
cytometer. For each sample 5000 events were recorded and the
data was analyzed using the Guava CytoSoft 4.2.1 Software
Environment – module Nexin (Guava Technologies, Hayward, CA,
USA).
Three independent experiments were performed where every
condition was run in duplicate.
2.9. Western Blot analysis
For Western Blot experiments, 2.5  105 cells/ﬂask were seeded
overnight in 25 cm2 culture ﬂasks. Next day cells were exposed to
10 and 100 lg/mL of all three NPs for 24 h. Cells were then washed
twice with PBS and incubated for further 72 h in fresh culture
media. Finally, cells were lysed in 200 lL of the ProteoJET™
Mammalian Cell Lysis Reagent (Thermo Fisher Scientiﬁc,
Rockford, IL, USA) supplemented with Halt™ Protease Inhibitor
Cocktail Kit (Thermo Fisher Scientiﬁc, Rockford, IL, USA). Protein
concentration was determined by BCA Protein Assay Reagents
(Thermo Fisher Scientiﬁc, Rockford, IL, USA), according to the man-
ufacturer’s instructions. Proteins (30 lg) were separated by elec-
trophoresis in NuPAGE 4–12% Bis–Tris gel (Invitrogen, Life
technologies, Carlsbad, CA, USA) and blotted onto a PVDF mem-
brane (Invitrogen, Life technologies, Carlsbad, CA, USA). Samples
were incubated in blocking buffer before the addition of the pri-
mary antibody for caspase-3 (1:500; Santa Cruz Biotechnology
Inc, Santa Cruz, CA, USA) and then incubated with the secondary
antibody (Western Breeze Chromogenic Kit, Invitrogen, Life tech-
nologies, Carlsbad, CA, USA). Anti-b-actin (1:2000; Santa Cruz
Biotechnology Inc, Santa Cruz, CA, USA) was used as endogenous
controls (normalization). The immunodetection was accomplished
using aWestern Breeze Chromogenic Kit (Invitrogen, Life technolo-
gies, Carlsbad, CA, USA) which detection is accomplished with a
ready-to-use BCIP/NBT substrate for alkaline phosphatase. Thus
non-fading purple precipitates develop at the protein bands on
the membrane. The band intensity of scanned membrane was
determined by using the Gel-Pro Analyzer 4.0 software (Media
Cybernetics, Warrendale, PA, USA).
2.10. Comet assay
The Comet assay was performed as described previously by Tice
et al. (2000). Brieﬂy, 2.5  105 cells/ﬂask were seeded in 25 cm2
culture ﬂasks and incubated for 24 h. Next day cells were exposed
for 24 h to all three NPs at low concentrations (0.01; 0.1; 1;
10 lg/mL) to avoid DNA fragmentation from cytotoxic concentra-
tions. Following the exposure period cells were washed twice with
PBS and harvested after trypsinization. Immediately the cell sus-
pensions were kept on ice and then centrifuged at 27 RCF for
5 min at 4 C. The pellet was re-suspended in 100 lL of 0.5%
(w/v) low-melting point agarose (Invitrogen, Life technologies,
Carlsbad, CA, USA) and the mixture was spread onto microscope
slides that were pre-coated with 1.5% (w/v) normal-melting point
agarose. After solidiﬁcation of the gel, the coverslips were gently
removed and the slides immersed in cold (4 C) lysis solution (1%
Triton X-100, 10% DMSO – Sigma–Aldrich, St. Louis, MO, USA;
2.5 mM NaCl, 100 mM Na2EDTA – J.T. Baker, Center Valley, PA,
USA; 100 mM Tris – Invitrogen, Life technologies, Carlsbad, CA,
USA; pH 10) for 24 h. Four slides were prepared for each treatment.
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were treated with OGG1 enzyme (New England Biolabs, Ipswich,
MA, USA) to evaluate the oxidative DNA damage, speciﬁcally the
presence of 8-oxoguanine. For this step slides were removed from
the lysis solution and washed three times with enzyme reaction
buffer (0.1 M KCl, 0.5 mM Na2EDTA, 40 mM HEPES – all from J.T.
Baker, Center Valley, PA, USA; and 0.2 mg/mL bovine serum albu-
min – Sigma–Aldrich, St. Louis, MO, USA; pH 8) at 4 C. Then,
50 lL of either buffer alone (reference slides) or OGG1(0.1U) was
applied to the center of each gel followed by incubation at 37 C
for 30 min in a humidiﬁed atmosphere (Vysis HYBrite, Abbott
Laboratories, Chicago, IL, USA). Immediately after this step, all
slides were placed in a horizontal electrophoresis unit containing
freshly prepared electrophoresis buffer (1 mM Na2EDTA – J.T.
Baker, Center Valley, PA, USA; 300 mM NaOH – Synth Indústria
Brasileira, São Paulo, Brazil; pH > 13). The DNA was allowed to
unwind for 20 min and subsequently electrophoresis was per-
formed at 25 V, 300 mA for 20 min. All these steps were conducted
protected from light. Finally, the slides were gently immersed in a
neutralization buffer (0.4 M Tris – Invitrogen, Life technologies,
Carlsbad, CA, USA, pH 7.5) for 15 min and ﬁxed with ethanol.
They were then stained with 50 lL of SYBRGreen 2  (Invitrogen,
Life technologies, Carlsbad, CA, USA). For each slide 50 nucleoids
(total 100 per sample) were scored by the Comet Assay IV soft-
ware (Perceptive Instruments Ltd., Suffolk, UK), the tail intensity
(% DNA in tail) was used as the geno-toxicity parameter. Three
independent experiments were performed.
2.11. Expression levels of stress-responsive genes using quantitative
real-time RT-PCR (qRT-PCR)
Brieﬂy, 2.5  105 cells/ﬂask were seeded in tissue culture ﬂasks
and incubated overnight followed by exposure to CeO2 and Ag NPs
at 10 and 100 lg/mL concentrations for 24 h. Following exposure,
cells were washed twice with PBS solution and harvested. Total
RNA was then isolated using RNAqueos kit (Ambion, Life tech-
nologies, Austin, TX, USA) following the manufacturer’s instruc-
tions. The isolated total RNA was subsequently treated with
DNase I (Invitrogen, Life technologies, Carlsbad, CA, USA) to
remove any residual contaminating with genomic DNA. The RNA
concentration was determined by measuring the absorbance at
NanoVue™ plus spectrophotometer (GE Healthcare, Amersham,
UK). The integrity of the RNA was evaluated by Bioanalyser
2100 (Agilent Technologies, Santa Clara, CA, USA) and RNA integ-
rity number (RIN) value was P8.5. The cDNA was then generated
with SuperScript VILO™ Master Mix (Invitrogen, Life technolo-
gies, Carlsbad, CA, USA). TaqMan assays and TaqMan Gene
Expression Master Mix (Applied Biosystems, Life Technologies,
Foster City, CA, USA) were used to quantify mRNA levels on an
Applied Biosystems 7500 FAST Real Time PCR System. The follow-
ing genes, involved in stress response were evaluated; MTH1
(Hs00159343_m1); OGG1 (Hs01114116_g1); NRF2
(Hs00975961_g1) and GADD45a (Hs00169255_m1). The expres-
sion level of each target gene was normalized to the expression
level of GUSB (Hs99999908_m1) (the most stable gene in relation
to B2M (Hs99999907_m1); HPRT1 (Hs99999909_m1) and TBP
(Hs00427620_m1) in the experiments). Relative Quantitation data
were acquired using ExpressionSuite Software v1.0.3 (Applied
Biosystems, Life Technologies, Foster City, CA, USA). Three inde-
pendent experiments were performed.
2.12. ATM and cH2AX detection
Brieﬂy, 2.5  105 cells were seeded in tissue culture ﬂasks and
incubated for 24 h and then cells were exposed to all three NPs
(10 lg/mL). Following 24 h exposure, cells were washed twicewith PBS and incubated for a further 24 h period in fresh culture
medium. Cells were harvested by centrifugation (106 RCF, 4 C
for 5 min), washed twice with PBS, ﬁxed, permeabilized and
divided into two microcentrifuge tubes. The evaluation of ATM
phosphorylated on serine 1981 and cH2AX was performed as
described by Tanaka et al. (2007) and following manufacturer’s
protocols (FlowCellect™ Cell Cycle Checkpoint ATM DNA damage
and FlowCellect™ Histone H2A.X Phosphorylation;
Merck-Millipore, Billerica, MA, USA). Brieﬂy, after permeabilization
the cell pellet was re-suspended in 95 lL of assay buffer and 5 lL
of antibody (anti-phopho-ATMser1981-alexa ﬂuor 488 or
anti-histone H2AX-alexa ﬂuor 488) was added and incubated
for 30 min in the dark, followed by washing in assay buffer (106
RCF; 4 C; 5 min). The microcentrifuge tubes containing ATM
marked cells were re-suspended in 200 lL of PI solution (ATM’s
Kit reagent – 30 min, RT in the dark) thus DNA fragmentation
(subG1 cells) was also monitored in these experiments. While
microcentrifuge tubes containing cH2AX marked cells were
re-suspended in 200 lL of assay buffer and directly used for ﬂow
cytometry analysis. A total of 5000 events were acquired per con-
dition using Guava CytoSoft 4.2.1 Software Environment – module
Guava Express Pro (Guava Technologies, Hayward, CA, USA). Three
independent experiments were performed.2.13. Statistical analysis
Three independent experiments were performed for each
parameter analyzed. The results of the experiments were
expressed as mean ± standard deviation (SD). Data from treated
groups were compared to the respective negative control experi-
ments. Statistical analysis was performed using the analysis of
variance (One way ANOVA) test. Signiﬁcant comparisons were
tested with Bonferroni test. A p value < 0.05 was considered signif-
icant. We used the statistical software SigmaStat for Windows
v3.5, Jandel Corporation to perform the tests. The IC50 (50% inhibi-
tory concentration) values were calculated by nonlinear regression
using the statistical program Graph Pad Prism v5.0 for Windows
(Graph Pad Software, San Diego California, USA).3. Results
3.1. Nanoparticle characterization
Prior to cellular exposure, the NPs were characterized through
EDX, where the spectra of silver, cerium and titanium could be
clearly detected in Ag, CeO2 and TiO2 NPs, respectively. All three
NPs were found to be of high purity and did not contain detectable
levels of contaminants (Supplementary Fig. S1). Using SEM, it was
observed that all NPs were spherical and that their sizes were in
the range of the values provided by their supplier: Ag NPs showed
size between 50 and 82 nm; CeO2 NPs between 27 and 36 nm and
TiO2 NPs between 28 and 49 nm (Supplementary Fig. S1). For cell
labeling experiments, the NPs were suspended in full cell medium,
containing 10% FBS, therefore, the hydrodynamic size and surface
potential of the NPs was evaluated in 10% FBS-containing medium
immediately after making the suspensions by sonication and after
24 h incubation (the time used for cellular exposure). Fig. 1 showed
that the hydrodynamic size of all NPs was much higher than their
primary sizes in dry state, suggesting the formation of small
agglomerates of NPs and serum proteins. Upon incubation, the
Ag, CeO2 and TiO2 NP agglomerates increased further to sizes of
370, 536 and 466 nm (representing 44%, 15% and 9% increases from
initial agglomerates size, respectively) (Fig. 1). Zeta potential val-
ues for all NPs were in the same range and were all negative,
Fig. 1. Nanoparticle agglomeration. Hydrodynamic size estimated immediately and 24 h after nanoparticle sonication (100 lg/mL) in complete culture medium
(DMEM + HAM-F10, 10% foetal bovine serum). The percentage of increase in size is given by a quadrant inserted in the graphs (A–C: Ag, CeO2 and TiO2 NPs). Values are
expressed as mean ± standard deviation (n = 3, each experiment in duplicate).
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(Supplementary Table S2).
3.2. Cellular NP uptake
The interaction of the different NPs with the GM07492 human
ﬁbroblasts was analyzed by SEM, TEM and ﬂow cytometry. SEM
analysis of cells following NP exposure indicated sedimentation
of all three NPs on GM07492 cells. The presence was further con-
ﬁrmed by EDX mapping analysis, where diffuse Ag, Ce and Ti (col-
ored spectra images) spectra were observed along the cells, which
were interspersed by more intense regions, representing larger
agglomerates (Supplementary Fig. S3).
Next, TEM was used to evaluate NP internalization by the
human ﬁbroblasts. Fig. 2 reveals that for all three types of NPs,
intracellular localization in vesicular structures could be observed,
suggesting their localization in the endosomal compartments. No
NPs could be observed inside the nucleus, however, in the case of
TiO2 and CeO2, several NP agglomerates were also observed freely
in the cytoplasm, where they were mostly found in the vicinity of
mitochondria and the endoplasmic reticulum (Fig. 2B5, B6 and C5,
C6). Moreover, some cytotoxic effects from exposure to Ag NPs
were also observed in TEM images where many cells displayed var-
ious morphological features typical for stressed/dying cells, such as
large cytoplasmic vacuoles and nuclear fragmentation
(Supplementary Fig. S4).
The intracellular presence of metallic NPs can also be detected
by ﬂow cytometry, where the side scatter light (SSC) correlates
with the level of the NPs and can provide semi-quantitative infor-
mation on the relative level of a certain NP type (Vranic et al.,
2013). Fig. 3 reveals clear dose-dependent effects of the NPs on
uptake levels on GM07492 cells, where, for all NPs higher incuba-
tion concentrations correlated with higher uptake levels.
Interestingly, the additional 24 h, allowed for further cellular pro-
liferation, had only minimal effects on the internalized NP levels,
where decreases in amounts of cellular NPs could be noticed for
cells exposed to Ag, CeO2 and TiO2 NPs at 100 lg/mL.
Time-dependent decrease in the internalized NP levels were more
evident in A549 cells (Supplementary Fig. S5) where the level of NP
uptake recorded in cells were in the following decreasing order
TiO2 > CeO2 > Ag. In all three NPs, level of uptake was signiﬁcantly
higher at the highest 100 lg/mL compared to the lower 10 lg/mL
concentration. These results conﬁrm our observations that A549cells are more resistant to NP exposure than the GM07492 cells
since even with high cellular uptake levels cell death and genotox-
icity results were not highly signiﬁcant in these cells compared to
those recorded in GM07492 cells. For all NPs, their cell-association
could clearly be detected after 72 h of additional incubation. Please
note, that the relative intensity of the various NPs cannot be com-
pared to each other as this value is inﬂuenced by multiple factors
(e.g. size, intrinsic NP light scattering properties, uptake levels,
etc.) and thereof does not correlate with cellular uptake levels.
3.3. Nanoparticle cytotoxicity
Following 24 h exposure of the ﬁbroblast cells to Ag, CeO2 and
TiO2 NPs (0, 0.1, 1, 10 or 100 lg/mL) the mitochondrial activity
of the ﬁbroblasts was assessed by an XTT assay, as an indirect mea-
surement of cell viability (Fig. 4). No signiﬁcant decrease in cell
viability was found for all three NP concentrations up to
10 lg/mL. Otherwise, signiﬁcant reductions were detectable for
cells exposed to Ag and TiO2 NPs at 100 lg/mL. Based on these
tests, the IC50 values of the different NPs were calculated, being
lowest for the AgNPs (42.5 lg/mL), followed by TiO2 NPs
(168.9 lg/mL) and least for CeO2 NPs (841.5 lg/mL) (Fig. 4).
Based on these results, the subsequent assays for all NPs were con-
ducted with a low cytotoxic concentration (10 lg/mL) and a
10-fold higher concentration (100 lg/mL) to discriminate
dose-dependent effects.
The results of the XTT assay were further conﬁrmed by the
ViaCount assay. Supplementary Fig. S6 reveals that CeO2 NPs did
not have any effect on total cell numbers and the number of dead
cells (245, 383 and 369 cells/lL; 8%, 7% and 12%) when compared
to negative control (231, 361 and 403 cells/lL; 4%, 6% and 12%)
24 h, 48 h and 72 h post-exposure, respectively, whereas TiO2
NPs at 100 lg/mL affected (p < 0.05) both total (155 cells/lL) and
dead cell numbers (24%) at later time points (72 h). On the other
hand, Ag NPs (100 lg/mL) induced cytotoxicity affecting
(p < 0.05) cell numbers (40, 62 and 85 cells/lL) and dead cell pop-
ulations (42%, 52% and 86%), at all post-wash incubation time
points (24 h, 48 h and 72 h).
The XTT assay was also performed on A549 cancer cell lines
exposed to the different NPs under the same conditions, revealing
no signiﬁcant cytotoxic effects of any of the NPs up to 100 lg/mL
24 h post-exposure (Supplementary Fig. S7). Furthermore, from
the three NPs studied only Ag NPs at 100 lg/mL affected (p < 0.05)
Fig. 2. NP internalization by the human ﬁbroblasts. TEM photomicrographs of GM07492 cells exposed to 100 lg/mL of Ag (A1–A6); CeO2 (B1–B6) and TiO2 NPs (C1–C6) for
24 h. Agglomerates of all NPs were observed in the endosomal compartment of the cells. Moreover, for TiO2 and CeO2 NP, some agglomerates were also observed freely in the
cytoplasm in the vicinity of mitochondria and the endoplasmic reticulum (B5–B6 and C5–C6).
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Fig. 3. The intracellular detection of metallic NPs. (A) Nanoparticle uptake determined by side scatter (SSC) measurements observed 24, 48 and 72 h after GM07492 cells
incubation with the different NPs at 10 and 100 lg/mL). Values are expressed as mean ± standard deviation (n = 3, each experiment in duplicate). Statistical signiﬁcance of
samples compared to the negative control is indicated when appropriate (ANOVA, Bonferroni test; ⁄p < 0.05). (B) Dotplot graphs (side scatter vs. propidium iodide) of
GM07492 cells acquired 24 and 72 h after exposure to Ag, CeO2 and TiO2 NPs; cell population at red color depict increased SSC. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Viability of ﬁbroblast cells after metallic NP treatments as evaluated by the
XTT assay. (A) Mitochondrial activity of GM07492 cells observed 24 h after
exposure to Ag; CeO2 and TiO2 NPs (blue, green and black bars, respectively); NC:
negative control (white bar); DXR: doxorubicin positive control (90 nM – 24 h –
yellow bar). Values are expressed as mean ± standard deviation (n = 3, each
experiment in duplicate). Statistical signiﬁcance of samples compared to negative
control is indicated when appropriate (One way ANOVA, Bonferroni test; ⁄p 6 0.05).
(B) The inhibitory concentration of 50% (IC50) of mitochondrial activity (values in
lg/mL). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)
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cancer cell lines using the ViaCount assay (Supplementary Fig. S7).
Cell cycle progression studies revealed that all three NPs caused
some alterations to cellular DNA, especially at the higher concen-
trations tested (100 lg/mL) (Fig. 5). The subG1 cell population,
indicative of DNA fragmentation, reached 50% (p < 0.05) for cells
exposed to Ag NPs at 24 h post-exposure time point and more than
70% (p < 0.05) at later time points (48 and 72 h), while CeO2 NPs
transiently increased (p < 0.05) subG1 levels to 28% of the cell pop-
ulation, returning to normal levels at 48 h and 72 h
post-incubation (14% and 10%, respectively). TiO2 NPs had a
delayed effect, where increases (p < 0.05) were observed 48 h and
72 h post-exposure (19% and 21%, respectively). No arrests in cell
cycle progression at speciﬁc points (G0/G1, S, G2/M) were observed
for any of the NPs, in contrast to ﬁbroblasts treated with etoposide
which induced (p < 0.05) a S phase arrest at 24 h and 48 h
post-exposure (both 17%) (Fig. 5). The subG1 populations in A549
cells were only affected by Ag NPs (100 lg/mL) at the 24 h (19%;
p < 0.05), 48 h (27%; p < 0.05) and 72 h (31%; p < 0.05)
post-exposure time point studied. A G2/M arrest was also detected
at 48 h in A549 cells exposed to Ag NPs (100 lg/mL; 36%; p < 0.05)
(Supplementary Fig. S8).
Next, the cells were stained with annexin V/7-AAD 72 h
post-NP exposure to distinguish between apoptosis and necrosis,
respectively in order to deﬁne the precise pathway by which NPs
induce cell death at later time points. Fig. 6 reveals that in
accordance with the data obtained before, CeO2 NPs did not
result in cell death under the conditions used; while TiO2 NPs
(100 lg/mL) clearly displayed a delayed effect (48 h and 72 h),
where apoptosis (annexin V positive: 22.6% and 23%; p < 0.05,
respectively) was seen as the main pathway. Ag NPs resulted
Fig. 5. Proliferative progression of ﬁbroblast cells after metallic NP treatments. Cell cycle kinetics and subG1 cell population (DNA fragmentation) in GM07492 cells observed
24 h (A), 48 h (B) and 72 h (C) after exposure (24 h) to Ag, CeO2 and TiO2 NPs (blue, green and black bars, respectively) at 10 or 100 lg/mL; NC: negative control (white bar);
ETO: etoposide positive control (40 lM – 24 h – yellow bar). The subG1 population is shown in red in the histogram. Values are expressed as mean ± standard deviation (n = 3,
each experiment in duplicate). Statistical signiﬁcance of samples compared to negative control is indicated when appropriate (One way ANOVA, Bonferroni test; ⁄p 6 0.05).
(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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(p < 0.05) of apoptosis at both 10 and 100 lg/L (reaching 14%
and 18% at 72 h, respectively) and dual positively stained cells
(annexin V and 7-AAD: 7% and 16% at 72 h, respectively), which
are likely late stage apoptotic cells that had died at earlier time
points. None of the NPs tested resulted in clear necrosis (7-AAD
positive). As apoptosis was found to be the main pathway, this
was further tested by Western Blot analysis of Caspase-3 activa-
tion especially for cells exposed to Ag NPs at 100 lg/mL.
Cleavage of pro-Caspase-3 into active Caspase-3 was clearly
depicted (Fig. 6C), supporting the role of apoptosis in the
NP-induced cell death mechanisms at later time points (72 h).
3.4. Nanoparticle genotoxicity
The potential of metallic nanoparticles to induce DNA breaks
and oxidative DNA damage, following 24 h exposure was evaluated
by means of the standard and OGG1-modiﬁed protocols of the
Comet assay. Please note that for these assays, NP concentrations
were limited to 10 lg/mL to avoid the generation of false positive
results due to DNA damage associated with high levels of cell
death. DNA breaks were only detected in cells exposed to the Ag
NPs at the highest concentration tested (10 lg/mL; 21% tailintensity) (Fig. 7A). Oxidative damage as detected by the OGG1
enzyme modiﬁed Comet assay was found in both Ag NP and
CeO2 NP treated cells (10 lg/mL; 30% and 29% tail intensity,
respectively) (Fig. 7B).
As DNA damage was observed for both Ag and CeO2 NPs, the
expression levels of stress response MTH1, OGG1, NRF2 and
GADD45a genes were evaluated (Fig. 7C). For CeO2 NPs, no sig-
niﬁcant alterations could be observed in any of the genes up
to 100 lg/mL. For Ag NPs, no changes were seen in MTH1,
OGG1 and NRF2 expression levels, however, at 100 lg/mL,
GADD45a expression was found to be signiﬁcantly upregulated
(p < 0.05).
Finally, the levels of DNA double strand break responsive pro-
teins (ATM and cH2AX) were also detected after cellular exposure
to the three NPs. The subG1 populations of the different cell sam-
ples were identiﬁed (Fig. 8A), revealing no increases in fragmented
DNA at 10 lg/mL, which is in line with the cell cycle studies above
(Fig. 5). No signiﬁcant increases in activation of phosphorylated
ATM were found after cellular exposure to any of the three NPs
at low cytotoxic concentration (10 lg/mL) (Fig. 8A and B).
However, at this low cytotoxic concentration, Ag NPs resulted in
signiﬁcantly increased cH2AX expression (28%) in human ﬁbrob-
lasts 24 h post-exposure (Fig. 8A and C).
Fig. 6. Cell death identiﬁcation in ﬁbroblasts treated with metallic NP treatments. (A) Apoptosis (Annexin V – white bars), necrosis (7-AAD – gray bars) and dead cells (double
positive: Annexin V plus 7-AAD – black bars) observed 72 h after cellular exposure (24 h) to Ag, CeO2 and TiO2 NPs at 10 or 100 lg/mL. NC: negative control; ETO: etoposide –
positive control (40 lM – 24 h). Values are expressed as mean ± standard deviation (n = 3, each experiment in duplicate). Statistical signiﬁcance of samples compared to
negative control is indicated when appropriate (One way ANOVA, Bonferroni test; ⁄p 6 0.05). (B) Dotplot graphs of ﬁbroblast cells after metallic NP treatments. (C) Protein
expression assessed by Western blotting using antibodies against the following proteins: procaspase-3 (38 kDa and 17 kDa – cleaved caspase-3) and antibody to b-actin
(42 kDa) used as endogenous control.
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The interest in using NPs in consumer goods and in biomedical
applications has triggered a lot of effort into understanding their
potential toxicity (Colman et al., 2014; Losert et al., 2014;
Martinez et al., 2014). Many cyto- and geno-toxicity studies have
been published in the last years, but the majority of these studies
are performed on either transformed or cancer cell lines, which due
to several mutations in cell death-related pathways, may differquite strongly in their response to NP-induced damage.
Depending on the nature of the cancer cells and NPs, these differ-
ences may result in either higher sensitivity of the cancer cells,
which is interesting for NPs as cancer therapeutics (Soenen et al.,
2013), or higher resistance, which may harden NP toxicity studies
(Soenen et al., 2011). These ﬁndings are also supported by our own
results, showing that A549 cancer cells were much more resistant
to the various NPs than the normal ﬁbroblasts. To overcome these
problems and work under more physiologically relevant
Fig. 7. Genotoxic stress detected in ﬁbroblasts treated with metallic NPs. DNA
damage assessed by Comet Assay (tail intensity – percentage of DNA in the tail) in
GM07492 cells (A – without OGG1, and B – with OGG1 enzyme – oxidative DNA
damage) exposed for 24 h to Ag, CeO2 and TiO2 NPs (blue, green and black bars,
respectively) at various concentrations (0.01, 0.1, 1 or 10 lg/mL); NC: negative
control; MMS: methyl methane sulfonate (200 lM – 2 h – gray bar); KBrO3:
potassium bromate (10 mM – 2 h – yellow bar) (A and B). Values are expressed as
mean ± standard deviation (n = 3). Statistical signiﬁcance of samples compared to
the negative control is indicated when appropriate (⁄p 6 0.05). (C) Transcriptional
gene expression of MTH1; OGG1, NRF2 and GADD45a genes in GM07492 cells
exposed for 24 h to Ag and CeO2 NPs; and KBrO3: potassium bromate (10 mM – 2 h).
The results of gene expression relative to the negative control (GUSB was used as
the reference gene) are represented as Fold-Change. Values are expressed as
mean ± standard deviation (n = 3). Statistical signiﬁcance of samples compared to
the negative control is indicated when appropriate (⁄p 6 0.05). (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Ag, CeO2 and TiO2 were evaluated using normal human ﬁbroblasts
(GM07492).
We ﬁrst characterized the different NPs, where their physico-
chemical properties were closely in line with those provided from
the supplier (Supplementary Fig. S1). When the NPs were sus-
pended in complete cell culture medium, containing 10% serum,
their enlarged size and negative f-potential indicated close interac-
tions of the NPs with serum proteins (Fig. 1 and Supplementary
Table S2). The formation of protein-NP complexes has been well
documented in literature (Cedervall et al., 2007), where proteinswill abundantly cover the NPs in a corona-like fashion. This protein
corona typically consists of two layers, where one layer is tightly
associated to the NP surface and can be seen as one entity. The
outer layer is more loosely bound and proteins there can be
replaced by other ones present in the cell culture medium
(Fleischer and Payne, 2014). The nature and thickness of this pro-
tein corona depends largely on the physicochemical properties
and concentration of the primary NPs as well as on the type and
concentration of serum used (Fleischer and Payne, 2014). As the
protein layer is the outermost layer of the complex, the proteins
will form the site of interaction of the NPs with the cells
(Mahmoudi et al., 2012). The formation of protein–NP complexes
is therefore of great importance for cell–NP interactions as has
been demonstrated by various studies, where cellular uptake and
toxicity were found to be linked to protein corona effects
(Walkey et al., 2014).
The association of the human ﬁbroblasts with the NPs was then
evaluated using various techniques, including SEM/EDX, which
provides a clear ﬁngerprint of the distribution of NP agglomerates
on the cell surface. NP internalization and intracellular localization
was then assessed by TEM, indicating a clear intravesicular local-
ization of all NPs, which is in line with endocytosis being the most
common mechanism for NP uptake (Xia et al., 2008). The kinetics
and concentration-dependence of NP uptake levels could be deter-
mined by measuring side scattered light in ﬂow cytometry analy-
sis. This technique is easy and robust but only enables a direct
comparison of relative NP levels and cannot be used for comparing
different NP types as the extent of scattered light depends to a
large extent on the physical and chemical properties of the NPs
(Toduka et al., 2012). Here, TiO2 NPs scattered more light than
CeO2 NPs and Ag NPs, but these effects can be correlated to NP
properties and may not accurately reﬂect differences in the level
of cellular uptake.
From the different studies, it became apparent that all NPs were
internalized under the form of agglomerates, which is a common
ﬁnding for most types of NPs (Magdolenova et al., 2012). In terms
of their cyto- and geno-toxic effects, the formation of agglomerates
does not seem to be a major inﬂuence as the size of NP agglomer-
ates were all in the same range (400 nm), yet their toxicological
proﬁle was quite different. The latter is therefore likely explained
by their chemical composition.
The present study has shown quite different results for the var-
ious NPs. In general, the following conclusions can be drawn: (1)
Although CeO2 NPs displayed signiﬁcant genotoxicity through
oxidative DNA damage; this was a transient phenomenon which
did not result in cytotoxicity. (2) TiO2 NPs did not display any
genotoxicity, but were found to induce apoptosis at later time
points, as a delayed effect of cellular NP exposure. (3) Ag NPs dis-
played the biggest effects, where clear concentration-dependent
oxidative DNA damage was observed which resulted in cell stress
that ﬁnally resulted in apoptosis-mediated cell death.
Interestingly, the cytotoxic effects of Ag NPs also increased with
time after initial exposure. The different mechanisms underlying
these phenomena remain somewhat unclear, but we hypothesize
that the exposure of the different NPs to the low pH of the cellular
endosomes can result in a gradual degradation of the NP and
release of metal ions. This phenomenon has been clearly described
for silver NPs (Setyawati et al., 2014), where the intracellular
release of silver ions has been associated with most cytotoxic
effects. The delayed effects observed in the present study are typ-
ical for degradation-induced mechanisms. This stems from the fact
that pH-induced degradation of the NPs is a slow process, and ﬁrst
a certain local threshold in metal ion concentration must be
exceeded prior to any physiological effects can be noticed
(Soenen et al., 2012). The degradation of NPs in an intracellular
environment in actively proliferating cells is however very difﬁcult
Fig. 8. DNA damage response activated by metallic NPs in ﬁbroblast cells. (A) The subG1 cell population and phosphorylation of ATM on Ser-1981 and cH2AX observed 24 h
after ﬁbroblast exposure to Ag, CeO2 and TiO2 NPs (10 lg/mL – 24 h); NC: negative control; ETO: etoposide (40 lM – 24 h). Values are expressed as mean ± standard deviation
(n = 3). Statistical signiﬁcance of samples compared to the negative control is indicated when appropriate (One way ANOVA, Bonferroni test; ⁄p 6 0.05). (B) Dotplot of cell
populations analyzed with the AF488-conjugated anti-ATM-ser1981 antibody (cell population in red) and solution of propidium iodide (cell cycle phases – G1, S and G2). (C)
Histogram of cell populations analyzed with AF488-conjugated anti-cH2AX antibody (population of colored cells). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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NPs due to cell division. Furthermore, complete separation of NPs
and free ions before performing inductively-coupled plasma
(ICP)-based measurements can be quite challenging. Therefore,
indirect studies such as looking for delayed effects are often a bet-
ter alternative.
The high level of cytotoxicity of the Ag NPs is in line with data
from the literature, where Ag NPs have been described to potently
induce cell death in various cell types through different mecha-
nisms, being apoptosis (Lee et al., 2014; Shi et al., 2014), necrosis
(Arora et al., 2009; Sur et al., 2012) and autophagy (Lee et al.,
2014). The pH-induced degradation of Ag NPs in the cellular endo-
somal system and its cytotoxic effects are also well-documented
(Setyawati et al., 2014; Xiu et al., 2012). Ag NPs have also been
associated with genotoxicity in various cell lines (Flower et al.,
2012; Hackenberg et al., 2011; Kim et al., 2011; Piao et al., 2011).
CeO2 and TiO2 NPs show more conﬂicting data in the literature
(Chen et al., 2014; Hussain and Garantziotis, 2013; Pagliari et al.,
2012; Woodruff et al., 2012), where their cyto- and geno-toxicity
are less clearly described. Paradoxically, CeO2 NPs have been char-
acterized as either pro-oxidant or anti-oxidant (Xu and Qu, 2014).
In our studies, a transient oxidative DNA damage was observed,
suggesting pro-oxidative effects of the CeO2 NPs. The increase in
subG1 cell population and oxidative DNA damage has been
reported in various studies (Auffan et al., 2009; Eom and Choi,
2009). Moreover, it has been suggested that oxidative stress was
the main mechanism of action induced by CeO2 NPs, since it was
observed increases in reactive oxygen species (ROS) with concomi-
tant decrease in antioxidant enzyme activities (Cheng et al., 2013;
Mittal and Pandey, 2014). These results differ from our own ﬁnd-
ings using human ﬁbroblasts (GM07492) where no signiﬁcant
effects were found in the expression levels of stress response genesMTH1, OGG1, NRF2 and GADD45a. One possible explanation for this
difference may lie in the nature of the cell type used. In this study
the normal human ﬁbroblasts were used where in the other study,
human carcinoma cells were used (Cheng et al., 2013; Mittal and
Pandey, 2014). In cancer cells, the high metabolism and turnover
of the cells puts high levels of stress on the endosomal system.
This can result in higher uptake of NPs, or even in slight differences
in endosomal pH levels. The pro- or anti-oxidant roles of CeO2 NPs
are however to a large extent linked to the surrounding pH. In
acidic environments, CeO2 NPs favor the scavenging of superoxide
radical over hydroxyl peroxide resulting in accumulation of the lat-
ter whereas in neutral pH CeO2 NPs scavenge both. The differences
in the intracellular microenvironment of cancer cells and normal
cells can thus lead to different cellular responses to CeO2 NPs
(Wason et al., 2013).
For TiO2 NPs, other studies performed on NPs from the same
supplier have found genotoxic effects in different cell types
(Botelho et al., 2014; Guichard et al., 2012; Valdiglesias et al.,
2013). For TiO2 NPs, the type of crystal structure (anatase or rutile)
has been linked to their cytotoxicity levels, where anatase NPs
have been described to be more toxic (Wu et al., 2010). However,
other studies have stated that this correlation is not 100% clear
yet (Gerloff et al., 2012; Guichard et al., 2012). In the present study,
a mixture of anatase and rutile (80/20) NPs was used. Two other
works using similar rutile/anatase mixed samples also described
positive responses by the Comet assay (Hamzeh and Sunahara,
2013; Prasad et al., 2013). However, in these studies the genotoxic
effects were found at higher concentrations compared to those
used in the present work and may therefore be a secondary mech-
anism due to cell death. Moreover, the lack of any effects of the
TiO2 NPs in the Comet assay in this work was further supported
by the lack of ATM and cH2AX activation, supporting our ﬁndings.
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This study aimed at demonstrating to what extent cyto- and
geno-toxicity information of NPs obtained using common trans-
formed and cancer cell lines are representative for their effect on
untransformed cells. Therefore, in this work, untransformed
human ﬁbroblast (GM07492) cells were used to evaluate the
geno- and cyto-toxicity inﬂicted by exposure to Ag, CeO2 and
TiO2 NPs. A multiparametric approach was adopted to examine
the above hypothesis where we investigated the effects of these
NPs on cell viability and apoptosis, DNA damage, the generation
of ROS and the expression of stress response genes. Our results
revealed a clear difference in the toxicity observed from the three
different NPs, where Ag NPs induced the highest cyto- and
geno-toxicity, followed by transient effects caused by CeO2 NPs
and minor delayed effects by TiO2 NPs. The levels at which toxicity
was observed in the GM07492 cells was furthermore quite differ-
ent than those obtained in cancerous A549, supporting our hypoth-
esis that cancer and transformed cell lines may not represent
optimal model systems for NP toxicity evaluation.
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